Installing CO 2 capture plants in coal-fired power stations will reduce greenhouse gas emissions and help mitigate climate change. However, the deployment of this technology faces many obstacles-in particular, high energy consumption. Aiming to address this challenge, we investigated the integration of a solar energy system in a 1000 MW coal-fired power plant equipped with monoethanolamine (MEA)-based CO 2 capture (termed PG-CC) by comparing the thermo-economic performance of two integrated systems with that of PG-CC. In the first system, solar-aided coal-fired power generation equipped with MEA-based CO 2 capture (SA-PG-CC), solar thermal was used to heat the high-pressure feed water in the power plant, while the reboiler duty of the capture plant's stripper was provided by extracted low-pressure steam from the power plant. The second system integrated the power plant with solar-aided MEA-based CO 2 capture (SA-CC-PG), using solar thermal to heat the stripper's reboiler. Both systems were simulated in EBSILON Professional and Aspen Plus and analysed using thermo-economics theory. We then evaluated each system's thermodynamic and economic performance in terms of power generation and CO 2 capture. Compared with PG-CC, the thermo-economic cost of electricity increased by 12.71% in SA-PG-CC and decreased by 9.77% in SA-CC-PG. The unit thermo-economic cost of CO 2 was similar in both the PG-CC and SA-PG-CC systems, but significantly greater in SA-CC-PG. Overall, SA-PG-CC produced less power but used energy more effectively than SA-CC-PG. From a thermo-economic point of view, SA-PG-CC is therefore a better choice than SA-CC-PG.
Introduction
Human society and the ecological environment are facing enormous challenges due to the significant increase in greenhouse gas emissions and consequent climate change [1, 2] . Thermal power-plant emissions make up more than 40% of global CO 2 emissions, 70% of which are produced by coal-fired power plants [3] . Installing CO 2 capture and storage in thermal power plants-especially coal-fired power plants-is therefore one of the most direct and effective measures to reduce CO 2 emissions and help mitigate global warming [4] .
Post-combustion carbon capture is the most feasible end-of-pipe technology for the large fleet of existing coal-fired power stations. Chemical absorption-based capture has been commercially realised in some coal-fired power stations, including the Boundary Dam and WA Parish power plants [5, 6] . The basic principal of the technique is to absorb CO 2 through chemical reaction with absorbents at developed a pilot test system with solar-assisted post-combustion carbon capture to study the system performance [42] . Parabolic trough and linear Fresnel reflector solar thermal collector systems were tested. Results showed that solar collectors can provide the required thermal energy for the reboiler, and the integration system was demonstrated to be technically feasible.
For these three categories, integrating solar-aided CO 2 capture offers a method of providing the energy requirements of the CO 2 capture process using external and near-zero emission energy [42] . In most studies, the CO 2 capture system was researched from the perspectives of energy and efficiency performance. The CO 2 capture system was evaluated with respect to its energy aspects [43] , techno-economic aspects [44] [45] [46] and environment effects aspects [47] . System integration of solar thermal and power generation with CO 2 capture is complex and worth further study, especially regarding the combination of exergy performance and economic performance, which can be used to evaluate the exergy and thermo-economic cost of each stream and identify improvement.
Thermo-economic structural theory, which is based on the second law of thermodynamics, is a powerful tool for exergy analysis, thermo-economic study and performance evaluation of an energy system [48] . The thermo-economic structural theory method has great advantages in the analysis of complex energy systems, having a broad application field, which includes system optimisation and troubleshooting, and is easy to combine with other methods. In the thermo-economic structural theory method. The thermodynamic performance and economic performance of the system are correlated in order to be studied, rather than being researched separately. Moreover, the exergy cost and thermo-economic cost of each flow can be obtained. In a previous study, we improved the analysis method for condensers to make thermo-economic analyses more comprehensive, and compared solar-aided coal-fired power plants in two modes (fuel saving and power boosting) [48] . This study proved that the improved thermo-economic analysis can be used to evaluate complex energy systems.
In the current study, we extend our previous work to investigate the integration of solar energy systems with a 1000 MW power plant and an MEA-based CO 2 capture in two configurations. The first is the integration of solar-aided coal-fired power generation with MEA-based CO 2 capture, termed SA-PG-CC. In this configuration, high-pressure extraction steam from the turbine is replaced by solar thermal to heat the feed water, while the low-pressure extraction steam is used to heat the stripper reboiler. The second configuration involves the integration of solar energy system with MEA-based CO 2 capture in coal-fired power generation (SA-CC-PG), in which solar thermal replaces the low-pressure extraction steam to heat the stripper reboiler. The two configurations are compared with the baseline coal-fired power generation with MEA-based CO 2 capture, termed PG-CC, in which the low-pressure extraction steam is used to heat the stripper reboiler without the introduction of solar thermal. To mitigate the efficiency penalty caused by carbon capture, SA-PG-CC and SA-CC-PG are two different ways of using solar thermal energy in power plants with CO 2 capture. The aim of this study is to assess the thermo-economic performance of these two configurations and to identify further system improvements from a thermo-economic point of view. Figure 1 shows the MEA-based post-combustion CO 2 capture process. The flue gas discharged from the boiler is sent to the absorber bottom after pre-treatment, which includes deNO x , electrostatic precipitation, desulfurization and direct-contact cooling. The MEA solution enters the absorber from the top and is brought into contact with the flue gas flowing from the bottom through the gas and liquid distributors and internal packing materials (either random or structured). After CO 2 capture, the flue gas is washed and removed via the chimney exhaust. The CO 2 -rich solvent is pumped into the top of the stripper after exchanging heat with the CO 2 -lean solvent from the stripper reboiler. The CO 2 -rich solvent in the stripper is further heated in the reboiler and desorbed to release the CO 2 . In this way, the MEA solution is regenerated and continues to capture CO 2 in the absorber. 
System Description

MEA-Based Post-Combustion CO 2 Capture Process
Solar-Aided Coal-Fired Power Generation with CO2 Capture
The 1000 MW SA-PG-CC system is shown in Figure 2 . It consists of three subsystems: (i) a parabolic-trough solar collector, (ii) MEA-based CO2 capture, and (iii) coal-fired power generation.
In the SA-PG-CC system, the parabolic-trough solar collector is coupled with coal-fired power generation in a similar way as the SA-PG system in [25] . The MEA-based CO2 capture subsystem is directly integrated with the power station through the steam extraction. Sunlight is reflected into the heat absorption tube by parabolic-trough solar collectors, heating the thermal oil in the tube. In the oil-water heat exchanger (OWHE), feed water is heated by the thermal oil, rather than the first extraction steam from the high-pressure turbine. A flow of extracted steam from the low-pressure turbine is used to heat the CO2-rich solution in the reboiler of the stripper, allowing CO2 to be released and the MEA solution to be regenerated. After releasing heat in the reboiler, the extraction steam is sent to the condenser at the turbine exhaust, where it continues to be used in the steam cycle. 
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Solar-Aided CO2 Capture Coal-Fired Power-Generation System
Reference System
The reference system is a 1000 MW coal-fired power-generation system with MEA-based CO2 capture (PG-CC), as shown in Figure 2 , but without the solar collector subsystem. A flow of extraction steam from the low-pressure turbine provides the heat required by the stripper boiler.
The coal-fired power-generation subsystem consists of a boiler, a turbine, a generator, a condenser, feed-water heaters and a deaerator. The boiler includes a superheater (SH) and a reheater (RH). The turbine is an N1000-25/600/600 type and consists of high-pressure cylinders (HP), intermediate-pressure cylinders (IP) and low-pressure cylinders (LP). The cylinders are divided from their extraction points to facilitate analysis. Feed-water heaters include three high-pressure reheaters (HTR1-3), four low-pressure reheaters (HTR4-7), and a deaerator (DTR).
The components' ID numbers and abbreviations are shown in Appendix A.
Modelling and Method
In this section, we establish the modelling of the system and introduce the method of thermoeconomic structural theory.
System Modelling
The subsystems in the model are (i) a parabolic-trough solar-collector field, (ii) power generation, and (iii) MEA-based CO2 capture. The main calculation process is briefly introduced. This study is based on a design point system. The seasonal effects and variable irradiation condition are not considered yet. One of the advantages of the solar thermal system is its stability in dealing with different irradiation conditions, particularly for a system configured with a thermal energy storage system. If there is insufficient solar energy to meet the heating requirements for the integration, the extracted steam can be used as a supplement. 
Reference System
The reference system is a 1000 MW coal-fired power-generation system with MEA-based CO 2 capture (PG-CC), as shown in Figure 2 , but without the solar collector subsystem. A flow of extraction steam from the low-pressure turbine provides the heat required by the stripper boiler.
Modelling and Method
System Modelling
The subsystems in the model are (i) a parabolic-trough solar-collector field, (ii) power generation, and (iii) MEA-based CO 2 capture. The main calculation process is briefly introduced. This study is based on a design point system. The seasonal effects and variable irradiation condition are not considered yet. One of the advantages of the solar thermal system is its stability in dealing with different irradiation conditions, particularly for a system configured with a thermal energy storage system. If there is insufficient solar energy to meet the heating requirements for the integration, the extracted steam can be used as a supplement. The heat input into the fluid flow is given by:
where Q HTF is the heat absorbed by the heat transfer fluid, m HIF is the mass flowrate of the heat transfer fluid, and h out and h in are the outlet and inlet enthalpy of the heat transfer fluid, respectively. The available heat input Q eff depends on the solar heat input Q solar , the thermal losses of the receivers Q receiver and the field piping Q pipe :
The solar input Q solar is determined by:
where DNI is the direct normal irradiation, A net is the net aperture area, f opt is the peak optical efficiency, k is the incident angle correction, f shading is the factor to include shading losses, f end is the factor to correct end loss effects, f wind is the factor to include optical losses due to wind impact, and f clean is the factor to correct for actual mirror cleanliness.
Power-Generation Subsystem
The thermal process in the boiler is calculated as:
where Q b is the thermal energy provided by coal fuel, m b is the mass flowrate of feed water, h b,in and h b,out are the specific enthalpy of feed water at the boiler inlet and steam at the boiler outlet, respectively, and η b is the thermal efficiency of the boiler. The thermal process in the turbine is calculated by:
where W is the work done by steam in the steam turbine, m t is the mass flowrate of steam into the steam turbine, h t,in and h t,out are the specific enthalpy of the steam inlet and outlet of the turbine, respectively, and η t is the relative internal efficiency of the steam turbine. The detailed description of the capture system can be found in our previous publication [16] . The CO 2 removal ratio is the molar ratio of the absorbed CO 2 from the flue gas to the total CO 2 content in the flue gas:
The CO 2 loading (η load ) is defined as the molar ratio of CO 2 to MEA in the absorbent solution:
where n is the number of moles of each component in the solution.
Thermo-Economic Structural Theory
The thermo-economic structural theory used in this paper is detailed in [28] , and is only briefly described in this section.
Physical structure models are established to simulate the SA-PG-CC and SA-CC-PG systems. The physical structures are used to describe the relations of streams and components from matter and energy points of view. The productive structure is an abstract expression of the actual material flow using the concept of fuel and products to describe the productive function of components and their connections. The exergy cost of each flow is analysed according to the results of the physical model of the system. Non-energy factors, such as investment, are introduced, and the thermo-economic cost of each component is analysed according to the corresponding productive model [48] [49] [50] . Figure 4 shows the physical structure of the 1000 MW SA-PG-CC system. The physical structure can be obtained by dividing up the system according to component function. Inflows and outflows represent substances and exergy flows. The boiler is divided into a superheater (9) and a reheater (10) . The steam turbine is divided into different components (11) (12) (13) (14) (15) (16) (17) (18) (19) . The feed-water heaters (1) (2) (3) (4) (5) (6) (7) (8) , the deaerator (5), the condenser (23) and the pumps (21, 22, 26) are not divided, because the calculation accuracy satisfies the requirements. The parabolic-trough solar-collector subsystem consists of collectors (25) and a pump (26) . The MEA-based CO 2 capture subsystem is associated with the whole system via the stripper reboiler system (27) . Figure 5 shows the physical structure of the 1000 MW SA-CC-PG system. It consists of the same subsystems as SA-PG-CC, but in a different configuration.
Physical and Productive Structures
In this thermo-economic structural theory, a component is produced according to its function. The concepts of fuel and product are used to construct the corresponding productive structure model and describe the function of each flow. The quantified representation of the production results is defined as product (P), and it can be energy or matter. The fuel (F) is the exergy consumed for the product [48] [49] [50] [51] . The function of the condenser is to return the working fluid to the starting point of the cycle, reducing the entropy of the working fluid. Its product is negentropy (FS) [48] [49] [50] [51] , which is equal to the entropy of the working fluid reduced in the condenser, and can be calculated as:
where T 0 is the temperature of the environment, and S in , S out are the entropy of the inlet and outlet flow, respectively. Each component consumes two fuels: exergy (FB), used for production, and entropy, which is increased in this process. The productive structure diagram can express the relationship between the flows of components from the perspectives of fuel and product. In this thermo-economic structural theory, a component is produced according to its function. The concepts of fuel and product are used to construct the corresponding productive structure model and describe the function of each flow. The quantified representation of the production results is defined as product (P), and it can be energy or matter. The fuel (F) is the exergy consumed for the product [48] [49] [50] [51] . The function of the condenser is to return the working fluid to the starting point of the cycle, reducing the entropy of the working fluid. Its product is negentropy (FS) [48] [49] [50] [51] , which is equal to the entropy of the working fluid reduced in the condenser, and can be calculated as: In this thermo-economic structural theory, a component is produced according to its function. The concepts of fuel and product are used to construct the corresponding productive structure model and describe the function of each flow. The quantified representation of the production results is defined as product (P), and it can be energy or matter. The fuel (F) is the exergy consumed for the product [48] [49] [50] [51] . The function of the condenser is to return the working fluid to the starting point of the cycle, reducing the entropy of the working fluid. Its product is negentropy (FS) [48] [49] [50] [51] , which is equal to the entropy of the working fluid reduced in the condenser, and can be calculated as: flow, respectively. Each component consumes two fuels: exergy (FB), used for production, and entropy, which is increased in this process. The productive structure diagram can express the relationship between the flows of components from the perspectives of fuel and product.
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Exergy Cost Model
Exergy cost B* of a flow refers to the external exergy of the system (coal fuel, Etc.) consumed for the product B. Unit exergy cost k* signifies the external exergy consumed for the unit product B: 
Exergy cost B* of a flow refers to the external exergy of the system (coal fuel, Etc.) consumed for the product B. Unit exergy cost k* signifies the external exergy consumed for the unit product B:
kB and kS signify the fuel exergy and negentropy consumed for the unit product B, respectively. The exergy cost equation can be obtained by:
kI represents the irreversible exergy loss in the process of producing the unit product P. There is kB i = 1 + kI i . The exergy cost equation can be expressed as exergy cost of fuel k * FB , exergy cost of irreversible kI i k * FB,i and exergy cost of negentropy kS i k * FS,i , which describes the exergy cost caused by fuel, irreversible loss and negentropy:
Thermo-Economic Cost Model
On the basis of the analysis of the exergy cost model, the thermo-economic cost model takes into consideration the factors of coal price, equipment investment and operation and maintenance cost. The thermo-economic cost C represents the total amount of money consumed for product P. Unit thermo-economic cost c ($/kJ) represents the total amount of money consumed for unit product: c = C/P. Non-energy costs are denoted as Z, including the monetary cost of the fuel consumed, investment and operation cost of the system.
In which the ξ is the levelized factor and Z j is investment cost of the component. Non-energy costs are added to the exergy cost model. Unit thermo-economic cost can be expressed as the thermo-economic cost of fuel (c FB,i ), thermo-economic cost of irreversibles (c I,i ), thermo-economic cost of negentropy (c N,i ) and thermo-economic cost of investment (c Z,i ).
Levelized Cost of Electricity Model
Levelized cost of electricity (LCOE) is calculated as [52, 53] :
Model Solution
In this paper, the models for the parabolic-trough solar subsystem and coal-fired power-generation subsystem were established in EBSILON ® Professional 13.00. This software is widely applied in the calculation, design and optimisation of thermodynamic systems. On the basis of the correct formula, the mass and energy conservation of the thermodynamic process can be accurately calculated [54] [55] [56] . The simulation results have been validated and used in thermodynamic calculations, indicating that the simulation results from EBSILON ® Professional are reliable [57] [58] [59] [60] . The MEA-based CO 2 capture subsystem was modelled and simulated using Aspen Plus. This software simulates chemical processes based on mass conservation, energy conservation, chemical equilibrium and kinetics, and is widely applied in chemical process research [38, [61] [62] [63] [64] . The thermodynamic and transport properties of the MEA-based CO 2 capture process were simulated using the electrolyte-NRTL model [50] . The process in Aspen Plus is shown in Figure 8 . The level of detail is the same as that shown in Figure 1 . According to the simulation results, the parameters of the physical structure model and the productive structure model were obtained. The exergy cost equation and thermo-economic cost equation of each component were solved simultaneously to obtain the results of the thermal-economic analysis. The exergy cost equation and thermo-economic cost equation of each component are shown in Table 1 [48, 50] , and the model procedure for the analysis is shown in the Figure 9 . The baseline coalfired power plant model before extraction for the CO2 capture process is established first. Then the corresponding MEA-based post-combustion CO2 capture process model can be determined. With the baseline coal-fired power plant model and the CO2 capture process model, the coal-fired power plant model after extraction for the CO2 capture process can be obtained. Then the baseline PG-CC system can be configured, and the solar collector field models for SA-PG-CC and SA-CC-PG can be calculated. The SA-PG-CC system can be solved with the PG-CC system and the solar collector field model. The SA-CC-PG system can be solved with the baseline coal-fired power plant model before extraction for the CO2 capture process, the CO2 capture process model and the solar collector field model. Therefore, the exergy cost analysis and thermo-economic cost analysis can be carried out. The exergy cost equation and thermo-economic cost equation of each component are shown in Table 1 [48, 50] , and the model procedure for the analysis is shown in the Figure 9 . The baseline coal-fired power plant model before extraction for the CO 2 capture process is established first. Then the corresponding MEA-based post-combustion CO 2 capture process model can be determined. With the baseline coal-fired power plant model and the CO 2 capture process model, the coal-fired power plant model after extraction for the CO 2 capture process can be obtained. Then the baseline PG-CC system can be configured, and the solar collector field models for SA-PG-CC and SA-CC-PG can be calculated. The SA-PG-CC system can be solved with the PG-CC system and the solar collector field model. The SA-CC-PG system can be solved with the baseline coal-fired power plant model before extraction for the CO 2 capture process, the CO 2 capture process model and the solar collector field model. Therefore, the exergy cost analysis and thermo-economic cost analysis can be carried out. 
Case Study
Basic Data
Technical Parameters
The coal-fired power-generation subsystem is a 1000 MW coal-fired power plant with main parameters as listed in Table 2 . We have assumed that the three systems (SA-PG-CC, SA-CC-PG and PG-CC) consume the same amount of coal per hour, and therefore produce the same amount flue gas and use the same CO2 capture process. Table 3 shows the main parameters of the parabolic-trough solar-thermal subsystem; the data is the design data of the solar collector field of the solar-aided coal-fired demonstration plant in Gansu Province, China [65] . Table 4 shows the flue gas, absorber and stripper parameters. The inlet and outlet temperature of the solar collector field is the 
Case Study
Basic Data
Technical Parameters
The coal-fired power-generation subsystem is a 1000 MW coal-fired power plant with main parameters as listed in Table 2 . We have assumed that the three systems (SA-PG-CC, SA-CC-PG and PG-CC) consume the same amount of coal per hour, and therefore produce the same amount flue gas and use the same CO 2 capture process. Table 3 shows the main parameters of the parabolic-trough solar-thermal subsystem; the data is the design data of the solar collector field of the solar-aided coal-fired demonstration plant in Gansu Province, China [65] . Table 4 shows the flue gas, absorber and stripper parameters. The inlet and outlet temperature of the solar collector field is the temperature of the thermal oil that is used to heat the feedwater and reboiler in the SA-PG-CC and SA-CC-PG, respectively. In the SA-CC-PG, the thermal oil is heated in the solar energy system and then enters the stripper reboiler to exchange heat with the rich MEA solvent. The hot thermal oil temperature is 217 • C. It should be pointed out that this is the temperature of the heat source, not the solvent in the stripper. Additionally, the solvent temperature is controlled to not exceed 125 • C by design of the reboiler. 
Economic Parameters
The coal fuel price in this system is assumed to be US$2 × 10 −6 /kJ. The relevant economic parameters of the system are shown in Table 5 . The price of each component is shown in Appendix B [48, 66, 67] .
The relevant economic parameters of the parabolic-trough solar-thermal subsystem are shown in Table 6 [68]. In this paper, the investment cost of each component in the MEA-based CO 2 capture subsystem was obtained from calculations. The investment cost of components of the same type with different power output was calculated using Equation (15) [66, 67] . The investment cost of a 1000 MW CO 2 capture unit was calculated based on a 500 MW CO 2 capture unit [66] [67] [68] [69] , shown in Appendix C. Table 7 shows the main exergy cost model analysis results of PG-CC, SA-PG-CC and SA-CC-PG systems, with detailed results listed in Appendix D. Table 7 . Primary results of exergy analysis for coal-fired power-generation system with MEA-based CO 2 capture (PG-CC), solar-aided coal-fired power generation with CO 2 capture (SA-PG-CC) and solar-aided CO 2 capture coal-fired power generation (SA-CC-PG). In SA-PG-CC, solar thermal was used to heat the feed water, rather than the first-stage high-pressure extraction steam at a higher temperature. A flow of low-pressure extraction steam at low temperature was used to provide the heat required in the stripper reboiler. In comparison, solar thermal in SA-CC-PG provided the heat required in the stripper reboiler directly, and the low-pressure steam was not extracted.
Results and Discussion
Exergy Cost
Component
PG-CC SA-PG-CC SA-CC-PG Unit
Compared with the PG-CC system, the coal consumption rate of the SA-PG-CC and SA-CC-PG configurations decreased by 15.31 and 51.41 g/kWh, respectively. The solar thermal required in SA-CC-PG was far more than that in SA-PG-CC, which accounts for a larger share in the total input exergy of system. The exergy absorbed by the thermal oil in SA-PG-CC and SA-CC-PG was 72.9 and 327.9 MW, respectively, resulting in a system power increase of 57.2 and 162 MW, respectively. The efficiency of the system is the efficiency of the input exergy of the system (solar exergy and coal exergy) to the system power output. Both the SA-PG-CC and SA-CC-PG systems had greater power output and system efficiency than the PG-CC system, indicating that the input of solar thermal energy improved the thermal performance of system. The efficiency of the system in SA-PG-CC is 42.35%, and in SA-CC-PG it is 42.21%. The equivalent solar-power generation efficiency is the ratio of increased power output to the input solar exergy, which is 78.5% for SA-PG-CC and 49.4% for SA-CC-PG. In the SA-PG-CC system, solar sunlight is converted to a higher-temperature thermal energy, with higher exergy efficiency compared with the SA-CC-PG system. The solar thermal energy is utilized at the high-pressure extraction energy level instead of the low-pressure steam energy level, causing the differences in system efficiency and equivalent solar-power generation efficiency. This result indicates that the solar thermal energy is more fully used in the SA-PG-CC system with the same coal consumption and CO 2 capture subsystem.
The exergy efficiency of each component in the PG-CC, SA-PG-CC and SA-CC-PG systems is shown in Figure 10 In both SA-PG-CC and SA-CC-PG, the exergy efficiency of the solar collector field was very low, at 0.17 and 0.14, respectively. This was mainly due to the high optical loss of the parabolic-trough solar subsystem, resulting in low optical efficiency. In addition, some energy was dissipated as heat loss. In SA-PG-CC, the working fluid was heated to a higher temperature than in SA-CC-PG by solar thermal, the exergy efficiency of the solar subsystem was also higher.
The exergy cost composition of each component in the PG-CC, SA-PG-CC and SA-CC-PG systems is shown in Figure 11 . The exergy cost is divided into three parts: (i) fuel, which represents the minimum external exergy required to obtain the unit product; (ii) irreversible, which reflects the external exergy caused by irreversibility of the process on components; and (iii) negentropy, which indicates the consumption of external resources due to negentropy consumption.
Compared with the PG-CC system, the exergy cost of each component was slightly increased in SA-PG-CC; the exergy cost of the solar-thermal subsystem was significantly higher than other components, and the unit exergy cost of the electricity increased by 13.2%. For the same component, the exergy cost of the OWHE increased significantly, from 2.02 to 6.67, compared with the HP heater FWH1. This was due to the introduction of the solar energy system in SA-PG-CC. Due to the limitation of optical efficiency and thermal efficiency of the solar-collector subsystem, the exergy cost of solar thermal was higher than coal, which was mainly caused by irreversibility. In SA-PG-CC, the solar-collector subsystem was coupled with the power-generation subsystem; the sunlight was converted into thermal energy in the system and flowed through the system. With the flow of solar thermal energy, this part of the exergy cost was distributed to other components in the power-generation process. Therefore, the unit exergy costs of electricity in SA-PG-CC were higher than in PG-CC; nevertheless, the cost from coal combustion was greatly reduced, as a result of the coal consumption rate.
Compared with PG-CC, the exergy cost of each component in SA-CC-PG did not change significantly. In SA-CC-PG, solar thermal was used to heat the stripper reboiler, and there was a small impact on the coal-fired power-generation subsystem. The inefficiency of low-pressure steam from the last stage of the steam turbine caused a slighter higher exergy cost for components in SA-CC-PG than in PG-CC. The system's power generation was increased, so that unit exergy costs of electricity and coal combustion rate slightly decreased.
Compared with SA-CC-PG, SA-PG-CC had a higher unit exergy cost for components in the power-generation subsystem, and a lower unit exergy cost for the solar-collector subsystem. In SA-PG-CC, the solar-collector subsystem was coupled with the power-generation subsystem, so that the additional solar exergy cost was shared by the power-generation subsystem components. In SA-CC-PG, the solar-collector subsystem was coupled with the MEA-based CO 2 capture subsystem, and the additional solar exergy cost was shared by the MEA-based CO 2 capture subsystem instead of the power-generation subsystem components. For the solar-collector subsystem, solar thermal was used at a lower temperature in SA-CC-PG (120 • C-140 • C), accompanied by a higher irreversible loss. Therefore, the solar-collector subsystem had a higher unit exergy cost in SA-CC-PG than in SA-PG-CC. improved the thermal performance of system. The efficiency of the system in SA-PG-CC is 42.35%, and in SA-CC-PG it is 42.21%. The equivalent solar-power generation efficiency is the ratio of increased power output to the input solar exergy, which is 78.5% for SA-PG-CC and 49.4% for SA-CC-PG. In the SA-PG-CC system, solar sunlight is converted to a higher-temperature thermal energy, with higher exergy efficiency compared with the SA-CC-PG system. The solar thermal energy is utilized at the high-pressure extraction energy level instead of the low-pressure steam energy level, causing the differences in system efficiency and equivalent solar-power generation efficiency. This result indicates that the solar thermal energy is more fully used in the SA-PG-CC system with the same coal consumption and CO2 capture subsystem. The exergy efficiency of each component in the PG-CC, SA-PG-CC and SA-CC-PG systems is shown in Figure 10 In both SA-PG-CC and SA-CC-PG, the exergy efficiency of the solar collector field was very low, at 0.17 and 0.14, respectively. This was mainly due to the high optical loss of the parabolic-trough solar subsystem, resulting in low optical efficiency. In addition, some energy was dissipated as heat loss. In SA-PG-CC, the working fluid was heated to a higher temperature than in SA-CC-PG by solar thermal, the exergy efficiency of the solar subsystem was also higher. The exergy cost composition of each component in the PG-CC, SA-PG-CC and SA-CC-PG systems is shown in Figure 11 . The exergy cost is divided into three parts: (i) fuel, which represents the minimum external exergy required to obtain the unit product; (ii) irreversible, which reflects the external exergy caused by irreversibility of the process on components; and (iii) negentropy, which indicates the consumption of external resources due to negentropy consumption. Table 8 shows the main results of the MEA-based CO 2 capture subsystem's thermal performance. The three systems have the same MEA-based CO 2 capture system, with the same CO 2 removal rate and reboiler heat load. The heat required for the stripper reboiler in PG-CC and SA-PG-CC was provided by the turbine low-pressure extraction steam, with a lower exergy cost. In SA-CC-PG, the heat required for the stripper reboiler was provided by the solar thermal with a higher exergy cost. Therefore, the unit exergy cost of CO 2 in SA-CC-PG was significantly greater than in PG-CC and SA-PG-CC. The investment percentage of the solar-collector subsystem, MEA-based CO2 capture subsystem and coal-fired power-generation subsystem in PG-CC, SA-PG-CC and SA-CC-PG is shown in Figure 12 . Compared with PG-CC, the investment in the solar-collector subsystem in SA-PG-CC and SA-CC-PG increased. For SA-PG-CC, investment in the solar-collector subsystem accounts for 23%, while for SA-CC-PG it was 58% due to the larger size of the collector field. Table 8 . Primary results of the MEA-based CO 2 capture subsystem for coal-fired power generation system with MEA-based CO 2 capture (PG-CC), solar-aided coal-fired power generation with CO 2 capture (SA-PG-CC) and solar-aided CO 2 capture coal-fired power generation (SA-CC-PG). The investment percentage of the solar-collector subsystem, MEA-based CO 2 capture subsystem and coal-fired power-generation subsystem in PG-CC, SA-PG-CC and SA-CC-PG is shown in Figure 12 . Compared with PG-CC, the investment in the solar-collector subsystem in SA-PG-CC and SA-CC-PG increased. For SA-PG-CC, investment in the solar-collector subsystem accounts for 23%, while for SA-CC-PG it was 58% due to the larger size of the collector field. Table 9 shows the main results of the thermo-economic cost model analysis for the PG-CC, SA-PG-CC and SA-CC-PG systems. Detailed results are given in Appendix E. Compared with PG-CC, the unit thermo-economic cost of electricity in SA-PG-CC was slightly increased, while the unit thermo-economic cost of CO2 remained constant. For SA-CC-PG, the unit thermo-economic cost of electricity was slightly decreased, but the unit thermo-economic cost of CO2 increased significantly.
Component
PG-CC SA-PG-CC SA-CC-PG Unit
In SA-PG-CC, both the power and efficiency of the system increased, but the system investment also increased, especially for the solar-collector field. Therefore, the unit thermo-economic cost of electricity slightly increased in SA-PG-CC.
In SA-CC-PG, the heat required by the stripper reboiler was provided by solar thermal. To meet the reboiler heat load, a significant increase in the solar-collector field area was required. This led to a large increase in the unit thermo-economic cost of CO2, of which 82.25% comprised solar-collector subsystem investment. In this system, more steam can be used for power generation, thus increasing power output. As a result, the unit thermo-economic cost of electricity slightly decreased. Table 9 . Main results of the thermo-economic analysis for coal-fired power-generation system with MEA-based CO2 capture (PG-CC), solar-aided coal-fired power generation with CO2 capture (SA-PG-CC) and solar-aided CO2 capture coal-fired power generation (SA-CC-PG). The thermo-economic cost composition of each component in the PG-CC, SA-PG-CC and SA-CC-PG systems is shown in Figure 13 , and is divided into four parts: fuel, irreversibility, Figure 12 . Investment in coal-fired power-generation system with MEA-based CO 2 capture (PG-CC), solar-aided coal-fired power generation with CO 2 capture (SA-PG-CC) and solar-aided CO 2 capture coal-fired power generation (SA-CC-PG). Table 9 shows the main results of the thermo-economic cost model analysis for the PG-CC, SA-PG-CC and SA-CC-PG systems. Detailed results are given in Appendix E. Compared withPG-CC, the unit thermo-economic cost of electricity in SA-PG-CC was slightly increased, while the unit thermo-economic cost of CO 2 remained constant. For SA-CC-PG, the unit thermo-economic cost of electricity was slightly decreased, but the unit thermo-economic cost of CO 2 increased significantly.
Component
In SA-CC-PG, the heat required by the stripper reboiler was provided by solar thermal. To meet the reboiler heat load, a significant increase in the solar-collector field area was required. This led to a large increase in the unit thermo-economic cost of CO 2 , of which 82.25% comprised solar-collector subsystem investment. In this system, more steam can be used for power generation, thus increasing power output. As a result, the unit thermo-economic cost of electricity slightly decreased. Table 9 . Main results of the thermo-economic analysis for coal-fired power-generation system with MEA-based CO 2 capture (PG-CC), solar-aided coal-fired power generation with CO 2 capture (SA-PG-CC) and solar-aided CO 2 capture coal-fired power generation (SA-CC-PG). The thermo-economic cost composition of each component in the PG-CC, SA-PG-CC and SA-CC-PG systems is shown in Figure 13 , and is divided into four parts: fuel, irreversibility, negentropy and non-energy cost. The thermo-economic costs of components were mainly composed of fuel costs, in addition to the boiler, condenser and solar-collector field. For the boiler, the thermo-economic costs of negentropy and investment were also large, due to the entropy increase caused by combustion and heat transfer and equipment investment. For the condenser, the working fluid was returned to the initial state of the thermal cycle and the remaining exergy carried by the working fluid was discharged, resulting in a large number of irreversible losses. Therefore, the thermo-economic costs of the condenser mainly consisted of irreversibility. For the solar-collector field, solar thermal is considered to be free, so the very large thermo-economic cost is due to the enormous investment.
PG-CC SA-PG-CC SA-CC-PG Unit
In comparison with the PG-CC system, the thermo-economic cost of components in the power-generation subsystem increased in SA-PG-CC because of the large thermo-economic cost of solar energy system. The thermo-economic cost of electricity in SA-PG-CC increased by 12.71%.
Compared with PG-CC, the system power output increased with the same power-generation subsystem in SA-CC-PG, so that each component of thermo-economic cost in the power-generation subsystem decreased. The thermo-economic cost of electricity in SA-CC-PG decreased by 9.77%. Equation (12) was used to calculate the unit thermo-economic cost of CO 2 , considering the energy-cost and the non-energy cost in the CO 2 capture process and reflecting the thermodynamic performance and economic performance. The high proportion represented by the solar-collector subsystem investment causes the great increase in the unit thermo-economic cost of CO 2 in SA-CC-PG compared with the other systems. negentropy and non-energy cost. The thermo-economic costs of components were mainly composed of fuel costs, in addition to the boiler, condenser and solar-collector field. For the boiler, the thermo-economic costs of negentropy and investment were also large, due to the entropy increase caused by combustion and heat transfer and equipment investment. For the condenser, the working fluid was returned to the initial state of the thermal cycle and the remaining exergy carried by the working fluid was discharged, resulting in a large number of irreversible losses. Therefore, the thermo-economic costs of the condenser mainly consisted of irreversibility. For the solar-collector field, solar thermal is considered to be free, so the very large thermo-economic cost is due to the enormous investment.
In comparison with the PG-CC system, the thermo-economic cost of components in the powergeneration subsystem increased in SA-PG-CC because of the large thermo-economic cost of solar energy system. The thermo-economic cost of electricity in SA-PG-CC increased by 12.71%.
Compared with PG-CC, the system power output increased with the same power-generation subsystem in SA-CC-PG, so that each component of thermo-economic cost in the power-generation subsystem decreased. The thermo-economic cost of electricity in SA-CC-PG decreased by 9.77%.
Equation (12) was used to calculate the unit thermo-economic cost of CO2, considering the energy-cost and the non-energy cost in the CO2 capture process and reflecting the thermodynamic performance and economic performance. The high proportion represented by the solar-collector subsystem investment causes the great increase in the unit thermo-economic cost of CO2 in SA-CC-PG compared with the other systems. thermoeconomic cost of investment thermoeconomic cost of negentropy thermoeconomic cost of irreversible thermoeconomic cost of fuel 
Levelized Cost of Electricity
The levelized cost of electricity of three configuration systems are shown in Table 10 . The LCOE of PG-CC, SA-PG-CC and SA-CC-PG are 83.32 $/MWh, 98.23 $/MWh and 165.82 $/MWh, respectively. In the thermo-economic analysis, the thermo-economic cost of electricity and CO 2 are calculated separately. The investments of solar energy subsystem are distributed into electricity or CO 2 according to the utilization of solar thermal. In the LCOE analysis, the total system costs appear in the LCOE. Although there is not much difference in the efficiency of the systems (42.35% in SA-PG-CC and 42.21% in SA-CC-PG), the required solar thermal energy is higher in SA-CC-PG. The share of solar exergy is 13.83% in SA-CC-PG, which is 3.45% in SA-PG-CC, and the equivalent solar-power generation efficiency is 49.4% in SA-CC-PG and 78.5% in SA-PG-CC. Therefore, the high-cost solar-collector field area is significantly increased in SA-CC-PG, causing a higher total capital requirement for SA-CC-PG (3235.9 M$ for SA-PG-CC and 5874.84 M$ for SA-CC-PG). There is less difference in the power output of the system, which is 895.9 MW for SA-PG-CC and 1000.7 MW for SA-CC-PG. Thus, there is a much higher LCOE for the SA-CC-PG system than for the SA-PG-CC system. This result also indicates the necessity of reducing the solar collector field cost for the large-scale use of solar thermal energy. In the PG-CC, the static capital payback period is 16 years if the electricity price is 14 cents, and 11 years if the electricity price is 16 cents. In the SA-PG-CC, the LCOE increased slightly after the introduction of solar thermal energy. The static capital payback period is 29 years if the electricity price is 14 cents and 16 years if the electricity price is 16 cents. In the SA-CC-PG, the LCOE is greatly increased and is not profitable until the electricity price reaches 16.6 cents. Table 10 . Levelized cost of electricity analysis for coal-fired power-generation system with MEA-based CO 2 capture (PG-CC), solar-aided coal-fired power generation with CO 2 capture (SA-PG-CC) and solar-aided CO 2 capture coal-fired power generation (SA-CC-PG) [53] . 
Base
Sensitivity Analysis
The unit thermo-economic cost of electricity and CO 2 are greatly influenced by solar-collector field investment. In this section, we discuss the influence of solar-collector field investment, and the results are shown in Figures 14 and 15 . Unit solar-collector field investment is taken as $308/m 2 in this study, and varies within a range of plus and minus $300/m 2 .
The unit thermo-economic cost of electricity in SA-PG-CC is equal to that in PG-CC when the unit solar-collector field investment is reduced by $179.4/m 2 to $128.6/m 2 ( Figure 14) . The unit thermo-economic cost of electricity in SA-CC-PG is smaller than in PG-CC and SA-PG-CC.
In contrast to solar-collector field investment, the unit cost of CO 2 in PG-CC is equal to that in SA-PG-CC, and is positively correlated with solar-collector field investment in SA-CC-PG ( Figure 15) .
In SA-CC-PG, the solar exergy and the corresponding thermo-economic cost are introduced in the CO 2 capture process so that the thermo-economic cost of electricity is not affected. In SA-PG-CC, the solar exergy and the thermo-economic cost flow into the power generation process; therefore, the unit cost of CO 2 remains constant and the thermo-economic cost of electricity changes. The solar-collector field investment assumes a significant proportion in the whole system and influences the thermo-economic cost of electricity greatly in SA-PG-CC and the unit cost of CO 2 in SA-CC-PG. To promote the exergy efficiency of solar field and reduce the investment, improving the design of the technology is necessary for the effective utilization of solar thermal energy. In SA-CC-PG, the solar exergy and the corresponding thermo-economic cost are introduced in the CO2 capture process so that the thermo-economic cost of electricity is not affected. In SA-PG-CC, the solar exergy and the thermo-economic cost flow into the power generation process; therefore, the unit cost of CO2 remains constant and the thermo-economic cost of electricity changes. The solar-collector field investment assumes a significant proportion in the whole system and influences the thermo-economic cost of electricity greatly in SA-PG-CC and the unit cost of CO2 in SA-CC-PG. To promote the exergy efficiency of solar field and reduce the investment, improving the design of the technology is necessary for the effective utilization of solar thermal energy. 
Conclusions
In this paper, we analysed PG-CC, SA-PG-CC and SA-CC-PG systems based on the thermo-economics theory. Our conclusions are as follows: In SA-CC-PG, the solar exergy and the corresponding thermo-economic cost are introduced in the CO2 capture process so that the thermo-economic cost of electricity is not affected. In SA-PG-CC, the solar exergy and the thermo-economic cost flow into the power generation process; therefore, the unit cost of CO2 remains constant and the thermo-economic cost of electricity changes. The solar-collector field investment assumes a significant proportion in the whole system and influences the thermo-economic cost of electricity greatly in SA-PG-CC and the unit cost of CO2 in SA-CC-PG. To promote the exergy efficiency of solar field and reduce the investment, improving the design of the technology is necessary for the effective utilization of solar thermal energy. 
In this paper, we analysed PG-CC, SA-PG-CC and SA-CC-PG systems based on the thermo-economics theory. Our conclusions are as follows: 
In this paper, we analysed PG-CC, SA-PG-CC and SA-CC-PG systems based on the thermoeconomics theory. Our conclusions are as follows:
1.
Both SA-PG-CC and SA-CC-PG systems have greater power generation than the PG-CC system, and greater system efficiency. Compared with PG-CC, the coal consumption rate of SA-PG-CC and SA-CC-PG fell by 15.31 and 51.41 g/kWh, respectively. In this research, only the first high-pressure extraction steam was replaced by solar thermal. The other extraction steam can also be replaced with more solar thermal energy. The higher equivalent solar-power generation efficiency in SA-PG-CC indicates that the solar thermal energy is more fully used in SA-PG-CC system than in SA-CC-PG; therefore, the SA-PG-CC is a better configuration than SA-CC-PG. 2.
In SA-PG-CC, the additional exergy cost of the solar-collector subsystem was distributed to other components in the power-generation process. Therefore, the unit exergy cost of each component increased slightly compared with PG-CC, and the unit exergy cost of the electricity increased by 13.2%. SA-CC-PG had a greater amount of power generation than PG-CC, and therefore slightly lower unit exergy costs of electricity and coal combustion rate in SA-CC-PG. However, the increased low-pressure steam also increased the exergy cost of other components.
In SA-CC-PG, the heat required for the stripper reboiler is provided by solar thermal with higher exergy cost. Therefore, the unit exergy cost of CO 2 in SA-CC-PG was significantly greater than in PG-CC and SA-PG-CC.
3.
Compared with PG-CC, the thermo-economic cost of electricity increased by 12.71% in SA-PG-CC and decreased by 9.77% in SA-CC-PG. The unit thermo-economic cost of CO 2 was much higher in SA-CC-PG because of the large thermo-economic cost of solar thermal energy.
4.
The increased solar thermal energy improved the efficiency of the system in SA-PG-CC compared to PG-CC, indicating a high efficiency of solar exergy to electricity in this integration. The increased exergy cost shows the great exergy loss of the solar field. The increase of the unit thermo-economic cost of electricity indicates the enormous investment in solar fields. Therefore, to improve the thermo-economic performance of the solar energy system, the exergy efficiency of the solar field should be promoted and investment should be reduced.
5.
Only two integration configurations are studied in this research, and there might be better methods for the integration of solar energy systems and CO 2 capture processes in coal-fired power plants. Using a general approach to optimize the solar thermal energy distribution in power generation and CO 2 capture process could be studied in future research. 
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